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Abstract

This thesis explores the incorporation and characterization of graphene derivates in thermal spray
coatings to enhance wear performance. Graphene nanoplatelets (GNP) and graphene oxide (GO)
were integrated into alumina (AlsO2) and WC-Co-Cr matrices respectively, aiming to improve
tribological performance and understand the mechanisms to their function as solid lubricants to
improve the wear resistance. The study is based on three key scientific questions: the retention
and functionality of GNP during wear testing, the effectiveness of molecular-level mixing in tailoring
GO coatings on metal powders, and the viability of GO-coated powders made by molecular-level

mixing in wear-resistant coatings produced by thermal spraying.

Synchrotron-based techniques, such as Scanning Transmission X-ray Microscopy (STXM) and X-
ray Absorption Near Edge Structure (XANES) were employed and revealed that GNPs retained
their structure after thermal spraying process. The experiment setup allowed the rotation of the
sample relative to the X-ray beam, enabling the detection of GNPs aligned parallel to the sliding
direction. After wear testing, amorphization of both the alumina matrix and GNPs was observed,

indicated by an increased carbon content within the amorphized alumina regions.

A molecular-level mixing process was developed to coat GO onto metal powders, demonstrating
the ability to control coating characteristics through variations in APTES and GO concentrations.
This controllability was reflected in both the coverage and thickness of the GO coating on the metal
powders, highlighting the process’s capability to tailor the coating properties to meet specific

application requirements.

The GO coating process was successfully applied to WC-Co-Cr porous powders, achieving GO
deposition on both external surfaces and within the internal pores. These GO-coated WC-Co-Cr
powders were then processed via thermal spraying, resulting in coatings with enhanced
performance, including reduced porosity, lower coefficients of friction, and increased hardness.
Raman spectroscopy and X-ray photoelectron spectroscopy (XPS) confirmed the retention of GO

in both the sprayed coatings and wear tracks, even under different surface preparation conditions.

Key-words: Graphene-based materials incorporation, molecular-level mixing, metal powders,

graphene distribution and interface, thermal spray coatings, wear resistance.
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Chapter | — Introduction

Motivation

Graphene, a single layer of carbon atoms arranged in a hexagonal lattice (chicken
wire mesh), has attracted significant attention since its isolation from graphite in 2004
due to its exceptional properties, which include high tensile strength, Young's modulus,
and electron mobility. These outstanding characteristics make it stronger than steel
and an excellent conductor of both electricity and heat compared to conventional
materials like copper [1,2]. Graphene’s unique properties arise from its atomic
structure, where each carbon atom forms covalent o-bonds with three neighboring
atoms, while a delocalized electron in the pz orbital facilitates high electrical
conductivity [3]. These features, along with a high surface area, corrosion resistance,
and gas impermeability, make graphene an ideal material to reinforce ceramics,
metals, and polymers-based composite in various fields [4—6]. Despite its potential,
the full capabilities of graphene in composites are hindered by challenges such as the
presence of defects, the difficulty of achieving high-quality graphene at large scale

production, and issues with the dispersion and integration within the matrix material.

One promising area of research for graphene and its derivatives is their integration in
metal matrix composites (MMCs), where they enhance properties such as thermal
conductivity, wear resistance, and mechanical strength. Despite these advantages,
challenges such as poor distribution and weak interfacial bonding between graphene
derivatives and the metal matrix persist. In powder-based MMCs, various
incorporation methods, such as in-situ growth [7] and ball milling [8], have been
explored to prepare graphene reinforced composites. Furthermore, thermal spray
technologies, particularly Atmospheric Plasma Spraying (APS) and High-Velocity Air
Fuel (HVAF) spraying, have been identified as potential processes for creating
graphene-reinforced coatings, offering enhanced performance in sectors such as
aerospace, land base turbine blades, etc. [9,10]. However, the deposition process in
thermal spraying must be carefully controlled to ensure the stability of the graphene

and its integration into the final composite material.



Research objectives

The objective of this research builds upon the challenges of poor graphene distribution
identified in Paper A, where limitations of the applied incorporation method through
solution plasma spraying were shown insufficient to guarantee a well dispersed metal-
graphene composite. In response, in Paper B, a GO-coating technique was developed
to improve both distribution and interfacial bonding on metal powders, with the goal of
enhancing the performance of the composite. Finally, in Paper C, the effectiveness of
this GO-coating approach for wear-resistant applications is evaluated using HVAF
spraying technology. This series of studies aims to find a more reliable route for

graphene integration into wear-resistant coatings.

Research questions

The work of this thesis is based on the following research questions:

¢ Q1: To what extent can GNP maintain its structural and functional integrity after
a wear testing to function as a solid lubricant in wear resistant thermal spray
coatings?

e Q2: How effective is a molecular-level mixing process in achieving controllable
graphene coatings on metal powders?

e Q3: Can the GO coated powder synthesized by the molecular-level mixing
process be used to produce graphene containing wear resistance coatings via

thermal spraying?



Chapter Il — Background

Graphene and its properties

Graphene is a two-dimensional material consisting of a single layer of carbon atoms
arranged in a hexagonal lattice, with a thickness equal to the size of a single carbon
atom. The graphene’s isolation in 2004 [11] was a benchmark for the research in

carbon nanomaterials, establishing the research in 2D nanomaterials [12].

Graphene has a tensile strength of 130 GPa and a Young’s modulus of 1 TPa, making
it 200 times stronger than steel [2]. Graphene also has a 200 times higher electron
mobility than silicon, being 200,000 cm?V-'s"' and 1000 cm?V-'s™'. In comparison with
Copper, Graphene has an electrical conductivity of 100 MS/m while Cu has 59 MS/m,
and the difference in thermal conductivity is even greater, being 3,500 — 5,300 W/mK
for graphene and 340 W/mK for Cu [13,14].

The exceptional properties of graphene are attributed to its atomic structure. The
carbon atoms are arranged in a honeycomb lattice with a sp? hybridization. In the two-
dimensional plane, each carbon atom forms covalent bonds, known as o-bonds, with
three neighboring carbon atoms. The fourth electron, however, remains in an
unbonded, delocalized state in the pz orbitals, which are oriented perpendicular to the
plane of the carbon atoms. This delocalized electron is free to move through the p:
orbitals of adjacent carbon atoms forming 1-bonds, a characteristic feature of aromatic
compounds [15]. This atomic arrangement results in a highly stable in-plane structure,
providing graphene with its exceptional mechanical properties. Simultaneously, the
delocalized electrons are free to move throughout the entire graphene sheet, creating
an efficient pathway for electrical and thermal conductivity. Other properties that have
attracted significant research interest in graphene include its large surface area [16],

anti-corrosion properties [17], and impermeability for most gases [18].

These remarkable properties are most effective at the nanoscale, making graphene a
popular choice for reinforcing composites to enhance the properties of ceramic,
metallic, and polymeric materials. Although the addition of graphene to composites
has generally been successful in improving their performance, achieving the full

potential of graphene-reinforced composites remains challenging.



One reason for this challenge is that the properties of graphene are highly sensitive to
defects and functional groups or foreign atoms in its structure. The exceptional
properties of graphene are obtained from single-layer, pristine graphene, without
oxygen functional groups on its surface; however, producing such high-quality
graphene on a large scale is difficult [19,20]. Additionally, the effectiveness of
graphene in composites can be limited by its interaction with the matrix material and
its distribution within the matrix. Even if the quality of the graphene is sufficient to
ensure optimal properties, weak interface and poor distribution within the matrix can
disrupt the synergy of properties, undermining the intended enhancements of the

composite [21].

Synthesis of graphene and its derivatives

Since its isolation by Novoselov and Geim [11], graphene has gained significant
attention, leading to extensive research interests on its production methods. For
graphene-reinforced composites to be viable for real-world applications, it is essential
that graphene can be produced on an industrial scale. Consequently, the development
of cost-effective and efficient production processes capable of producing high-quality

graphene has become a major focus for researchers and engineers.

Graphene manufacturing methods can be categorized into two different ways: top-
down and bottom-up processes. Top-down methods involve exfoliating graphene
layers from graphite through various methods and mechanisms. Mechanical
exfoliation can be achieved by techniques such as micromechanical cleavage [11],
liquid-phase exfoliation [22], ball milling [23], and fluid dynamics [24]. In addition to
mechanical methods, chemical exfoliation, which involves the use of corrosive agents
to delaminate graphite, has been developed as solution processing method for large-
scale production. However, chemical exfoliation often results in oxidation of graphene
with the presence of oxygen functional groups, either on the surface or at the edges
of the graphene layers. The primary chemical exfoliation methods include
electrochemical exfoliation [25] and the widely used Hummers’ method [26], which has
several modified versions. Figure 1 illustrates the structure of graphene with single-

layer, and multi-layer structures and some derivatives produced by top-down



technologies such as graphene oxide, reduced graphene oxide and graphene
nanoplatelets (GNPs) [27].
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Figure 1: Graphene and its derivatives.

In contrast, bottom-up process involves synthesizing graphene from smaller
molecules or carbon precursors. This is typically done by depositing carbon atoms
from organic gases or substrate materials onto a surface to form graphene. The key
variables in these processes include pressure, gas composition, substrate material,
the use of catalysts, and temperature. Examples of bottom-up techniques include

ultra-high vacuum (UHV) growth [28], molecular beam epitaxy (MBE) [29], and
chemical vapor deposition (CVD) [30].

For large-scale industrial applications, top-down techniques present some advantages
over bottom-up methods. The primary reason is the cost. Top-down methods typically
utilize graphite as a precursor, along with standard chemicals or processes to exfoliate
graphene. Although the cost of production remains higher than conventional materials,
it is lower than bottom-up techniques, which often require special conditions such as
vacuum or expensive substrates like copper. Another drawback of bottom-up
techniques is the additional step required to transfer graphene from the growth

substrate to the target material. While graphene produced through bottom-up methods



generally has fewer defects and minimal functional groups, the transfer process can

alter or even damage the graphene.

Graphene oxide synthesis and properties

Graphene oxide, a widely studied derivative of graphene, is primarily produced
through chemical exfoliation of graphite, with the most notable method being the
Hummers’ method, developed by William S. Hummers in 1958 [26]. This method
involves exposing graphite to a highly acidic environment, followed by oxidation using
strong oxidizing agents. Nowadays, the Hummers method is applied in the exfoliation
of graphite into individual graphene oxide layers, functionalized with oxygen-
containing groups. In the original Hummers’ method, sulfuric acid (H,SO,) creates the
acidic medium, while potassium permanganate (KMnO,) and hydrogen peroxide
(H.0O,) act as oxidizing and neutralizing agents, respectively. Although the Hummers’
method is widely used as the traditional route for producing GO, numerous

modifications have been explored to improve efficiency, safety, and scalability [31-33].

In Hummers method, the exfoliation mechanism begins with H,SO, intercalating into
graphite, resulting in the increase of the distance between its layers, forming a graphite
intercalation compound (GIC). This intermediate stage facilitates subsequent
oxidation by KMnQO,, which penetrates the structure from the edges of GIC. Oxidation,
progressing from the edges to the center, is diffusion-controlled, with evidence from
Raman spectroscopy indicating higher oxidation at the edges compared to the core.
Complete exfoliation into single-layer GO is achieved through sonication or vigorous
stirring [34].

In addition to the edge-to-center oxidation mechanism, cross-plane oxidation can
occur during chemical exfoliation. Pan and Aksay [35] explored this phenomenon by
applying drops of oxidizing solutions onto highly ordered pyrolytic graphite (HOPG) to
generate localized oxidation. This reaction led to the formation of epoxy groups, where
oxygen atoms bonded with carbon atoms of the HOPG in a “triangular” configuration.
The elastic strain energy generated by this bonding eventually surpasses the carbon
interlayer interaction energy, causing cracking in the graphite structure. This cross-
plane oxidation, combined with external mechanical input from sonication or stirring,

significantly influences the lateral size of the GO produced.



GO is distinct from pristine graphene due to the presence of oxygen-containing
functional groups on its surface. While graphene maintains a planar sp? hybridized
structure, GO contains both sp® and sp? hybridization, resulting in a more tetrahedral
configuration. The precise arrangement and distribution of these functional groups
remains uncertain, largely because current analytical techniques struggle to provide
localized measurements of the groups at high precision. Additionally, variations in
production methods can introduce amorphous, nonstoichiometric features that further

complicate the determination of GO's structure[36].

The modeling of GO’s structure has a long history, beginning in 1939 when Hofmann
and Rudolf [37] first suggested the presence of epoxy groups on the GO surface. In
1946, Ruess [38] built upon this model by incorporating hydroxyl groups. Further
contributions were made by Scholz and Boehm [39], Nakajima and Matsuo [40], and
He et al. [41], all of whom added information, including structures like C—O—-C and C=C

bonds. An schematic of these models are shown in figure 2.

Hofmann

Ruess

[+]

Figure 2: GO structure models. Adapted from Dreyer et al. 2010 with permission. [42]

The widely accepted model today was developed by Lerf and Klinowski [43] in 1998.
Their model divides GO into two distinct regions: an aliphatic sp® region, where oxygen
functional groups are concentrated, and an aromatic sp? region composed of intact
graphene-like structures. The relative size and distribution of these regions depends
on the degree of oxidation and, consequently, the synthesis method used. Although
the exact positioning and distribution of functional groups are still debated, there is

consensus on the types of functional groups present, which include hydroxyl (C—OH),



epoxy (C—0O-C), carbonyl (C=0), carboxylic acid (O=C—OH), and conjugated double
bonds (C=C). This combination of functional groups contributes to GO's unique
properties and differentiates it significantly from pristine graphene [42]. Figure 3
presents the updated Lerf and Klinowski model with updated functional groups

discovered afterwards.
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Figure 3: Current GO structure model with all possible functional groups. Adapted from Guo et al.
2022 with permission. [44]

These functional groups have significant impact on certain properties, such as
electrical conductivity, but enhance GO's processability and compatibility with polymer,
metal, and ceramic matrices [45,46]. Reduction of GO to produce reduced graphene
oxide (rGO) improves its properties by partially removing the oxygen groups, yielding
material characteristics that lie between GO and pristine graphene. Table 1 provides

a comparison of key properties among pristine graphene, GO, and rGO:

Table 1: Comparison of the properties of graphene, graphene oxide and reduced graphene oxide

Property Pristine Graphene [13] GO [47] rGO [48]
Electrical Conductivity 108 S/m 0.05-1S/m 102-10* S/m
Mechanical Strength 130 GPa 40 -70 GPa 100 - 150 GPa
Young’s Modulus 1000 GPa 200 - 300 GPa 250 - 500 GPa
Optical Transparency 97.7% 70-90% 90-95%
Surface Area 2630 m?/g 700 - 1500 m?/g 1500 - 2500 m?#/g
Hydrophilicity Hydrophobic Hydrophilic Intermediate (depends
on reduction level)




Graphene oxide reactivity and incorporation methods in composites

The primary advantage of incorporating graphene oxide (GO) into composites,
compared to pristine graphene, lies in its increased chemical reactivity due to the
presence of oxygen-containing functional groups. These groups, such as hydroxyl,
carboxyl, and epoxide, provide multiple reactive sites that enable GO to chemically
bond with a variety of composite matrices. This enhanced reactivity makes GO a
versatile material in applications across different fields, allowing it to integrate with

polymer, metal, and ceramic matrices more effectively than pristine graphene [42].

The chemical bonding between GO and matrix materials is typically governed by
chemical reactions between the oxygen functional groups and the chemical groups on
the surface of matrix. However, determining which specific functional groups are
primarily responsible for bonding remains unclear. The selectivity of these groups in
forming bonds with the matrix materials are not fully understood [44].

One prominent route for chemical bonding is through the epoxide group, which is one
of the most abundant and reactive functional groups on GO. The epoxide ring structure
is under elastic strain, making the carbon atoms in the basal plane more susceptible
to nucleophilic attack (Fig. 4). When nucleophilic agents, such as amines (commonly
used in epoxy polymer curing), react with the strained epoxide ring, a chemical bond
forms between the nucleophile and the GO, while the oxygen in the epoxide is

neutralized to form a hydroxyl group [49].

GO reactivity

Nucleophilic attack Epoxide ring opening

R-NH,

Figure 4: GO nucleophilic attack on epoxide functional group.

Hydroxyl groups on GO, while more stable than epoxides, also play a critical role in

bonding, particularly in reactions involving organosilanes, which are used to form Si—



O bonds. This mechanism, illustrated in fig. 5, is common in the surface
functionalization of materials like metal oxides, and similar reactions can occur in GO-
based composites [50]. Interestingly, organosilanes containing amine groups can also
react with epoxides, depending on the incorporation method, further expanding the

possibilities for chemical bonding in GO composites [44].

Despite GO's high reactivity due to its oxygen-functional groups, the process of
integrating GO into composite matrices remains complex. Issues such as poor
distribution, common to many nanomaterial reinforcements, also arise in GO
composites. Agglomeration of GO is mainly due to the strong interactions between its
sheets, driven by van der Waals forces or T7— interaction, which are enhanced by the
high surface energy of GO due to its large surface area [51]. These interactions cause
the agglomeration of GO within the matrix.

GO reactivity

Hydraolisis
i |
R-8i—OH —» R—-Si—0—
| |
OH 0

Figure 5: GO silanization on hydroxyl functional group.

Moreover, weak interfacial bonding can be attributed to the limited chemical
compatibility between GO and certain matrices, especially hydrophobic ones. In such
cases, there may be insufficient interactions between the GO's oxygen-functional
groups and the matrix material. Poor wettability, particularly in high-viscosity matrices,
can also contribute to inadequate adhesion between GO and the matrix [52]. Finally,
GO's two-dimensional morphology introduces anisotropy, which can hinder the
creation of effective mechanical interlocking sites, reducing the efficiency of stress
transfer and thus limiting the mechanical reinforcement that GO can provide to the

composite [53].
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To address these challenges, the method of GO incorporation into composites is very
important. Due to the wide range of available matrix materials, each composite
presents unique challenges related to achieving optimal dispersion and interfacial
bonding. Despite these variations, incorporation techniques can generally be

classified into two categories: physical and chemical methods [53].

Physical methods rely on mechanical forces to achieve uniform dispersion of GO
within the matrix. One widely used technique is ball milling, which is a straightforward,
cost-effective, and scalable method. In ball milling, the matrix and graphene
derivatives are placed in a sealed container along with milling balls. The process
applies mechanical pressure, energy transfer, and increased temperature, resulting in
a well-mixed composite powder. This method is well-established for the incorporation
of graphene and its derivatives into various matrices. For instance, Guo et al. [54]
utilized ball milling to integrate GNPs into an epoxy matrix, enhancing the composite's
properties. Tan et al. [55] employed ball milling to create a ceramic composite cathode
by mixing copper sulfide (CuS) with rGO for aqueous-hybrid-ion batteries, while Wang
et al. [56] focused in using ball milling to incorporate graphene and multi-walled carbon
nanotubes into MgzNi alloy for hydrogen storage applications. However, ball milling
has drawbacks, such as potential structural damage to GO sheets and partial

reduction of oxygen-functional groups [57].

Mechanical stirring is another commonly used technique for incorporating graphene
and its derivatives into composites. The stirring can be powered electrically or
magnetically, and ultrasound waves can be applied in water baths to facilitate mixing.
For example, Mahouri et al. [58] demonstrated how mechanical stirring, followed by
sonication, was used to disperse GO and copper nanoparticles into an epoxy matrix.
The mechanical stirrer was employed to achieve initial dispersion, while sonication

helped break down any agglomerates formed during the process.

Chemical incorporation methods, such as solution mixing or the solvothermal method,
represent another group of approaches. These methods involve the use of solvents,
sometimes coupled with elevated temperatures, to dissolve both graphene oxide and
the matrix material, promoting more homogeneous mixing. Additionally, chemicals can

be added to enhance interactions between GO and the matrix. For instance, Kant and

Sharma [59] synthesized Q-Fe,03/rGO nanohybrids using a simple solution mixing

11



method, without adding additional chemicals, by precipitating and drying Q-Fe,03;
nanoparticles and then mixing them with an rGO suspension in water. In contrast, Guo
and Bulin [60] fabricated a MgO/GO nanocomposite via the solvothermal method by
adding magnesium acetate tetrahydrate (Mg precursor), polyvinylpyrrolidone (PVP),
and GO in an aqueous solution, followed by heating the mixture in an autoclave at
180°C for 5 hours. The final composite was obtained by drying the precipitate at
300°C.

Self-assembly, also known as molecular-level mixing, represents another chemical
approach for GO incorporation into composites. This method exploits the reactivity of
GO's functional groups to form covalent bonds with the matrix through the use of small
organic molecules, often referred to as coupling agents. These coupling agents play a
crucial role in controlling the interface between GO and the matrix, making
functionalization an important step in molecular-mixing methods. In this process,
coupling agents are attached either to the matrix or GO to optimize compatibility [61].
For example, Sanchez-Lopez et al. [62] utilized 3-aminopropyl-triethoxysilane
(APTES) to functionalize the surface of biomedical-grade CoCr alloy, facilitating the
adhesion of GO. In another study, Chen et al. [63] used a "bis-silane" solution
containing dodecyltrimethoxysilane (DMTS) and tetraethyl orthosilicate (TEOS) to
functionalize GO, also introducing benzotriazole (BTAH), a well-known anti-corrosive
and hydrophobic agent. This approach was employed to create an anti-corrosion

coating on pure copper by combining GO and BTAH.

Graphene reinforced metal matrix composites and applications

Metal matrix composites (MMCs) represent a well-established approach for enhancing
the properties of metals by combining them with various reinforcing materials. This
technique allows metals to benefit from the advantageous properties of other material
classes, including ceramics, metal fibers, nanomaterials, and even natural residues
[64]. Among the range of potential reinforcements, carbon-based materials,
particularly graphene and its derivatives, offer significant advantages due to their high
electrical and thermal conductivity, solid lubrication capabilities, and exceptional

mechanical properties [65].

Graphene, due to its extraordinary properties, has gained significant attention as a

reinforcement in metal matrix composites (GR-MMCs). The addition of small amounts

12



of graphene can significantly enhance the performance of these composites. However,
achieving the full potential of graphene in MMCs remains a challenge due the
problems already discussed before. Additionally, the manufacturing processes often
involve high pressure and/or high temperature, which can damage the graphene
flakes, further reducing the performance of the GR-MMCs [66].

A substantial part of the research in MMCs focuses on using metal powders or particles
as the metallic matrix. This approach is beneficial due to the increased surface area
of the powders, offering more sites for interaction with graphene compared to bulk
metals [67]. Powder MMCs also create the possibility for additional graphene
incorporation methods to be explored, including in-situ growth [68], and

electrochemical deposition [12].

GR-MMCs powder can be used in different applications to enhance the properties of
final components. The manufacturing processes typically involve a preliminary step of
incorporating or admixing graphene with the metal matrix, followed by a process that
consolidates the composite using the powder as feedstock. Some of the most common
techniques that utilize metal powders include powder metallurgy, hot isostatic
pressing, powder bed fusion (laser or electron beam), binder jetting, cold spray, and
thermal spray. As mentioned before, these processes involve high temperature and
substantial mechanical stresses (or kinetic energy), demanding a robust interface
between graphene and metal powder to ensure graphene’s stability and effectiveness

in the final composite.

Thermal spraying of GR-MMCs

Thermal spray processing encompasses a range of technologies united by a common
operating principle: they utilize electrical, chemical and/or kinetic energy to emit and
attach a feedstock material onto a substrate, creating a coating. The feedstock
supplied in powder, wire, or rod form is continuously fed during the process, which is
heated and accelerated to form molten, semi-molten and solid particles. These
particles are carried by a high-velocity gas flow toward the substrate, where they
solidify rapidly upon impact forming splats. This rapid solidification allows each splat
to act as a substrate for successive layers, gradually building the thickness of the

coating [69].
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The microstructure of thermally sprayed coatings is typically heterogeneous,
influenced by both the feedstock properties and the process parameters. Variations in
feedstock characteristics such as particle size distribution and morphology, rheological
behavior, and surface oxidation are some characteristics of the feedstock that can vary
during the thermal spray process and consequently introduce heterogeneity to the
coating. On the other hand, process parameters such as carrier gas speed and purity,
as well as nozzle size and shape, have a high influence in the splat formation. As a
result, thermally sprayed coatings typically exhibit a lamellar structure characterized

by anisotropy and defects such as porosity [70].

The primary markets for thermal-sprayed coatings are aerospace, industrial gas
turbines, automotive, medical, and oil and gas extraction industries. These sectors
employ thermal spray coatings for a range of purposes, including enhancing wear and
corrosion resistance, providing anti-oxidation properties, acting as thermal barriers,
increasing surface hardness, improving operational temperature thresholds, and, in
medical applications, enhancing biocompatibility. In each of these applications,
thermal spray coatings are applied to enhance and protect the surface of components,
increasing their lifespan and durability without altering the mechanical performance of
the bulk material [70,71].

The available thermal spray technologies differ significantly in parameters like
feedstock delivery speed and gas temperature. These factors impact both the
deposition rate of splats and the assurance of the splats to be adequately melted and
adhered to the substrate. Broadly, thermal spray technologies are categorized based
on the energy source used in the process—either electrical or chemical. Figure 6
illustrates a comparison of various thermal spray techniques, mapping them against
process temperature and particle velocity to show the unique characteristics of each

technology [72].
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Figure 6: Summary of Thermal spray technologies regarding process temperature and particle
velocity. Adapted with permission from [73]

One prominent example of high-temperature thermal spray technology is plasma
spraying. This process utilizes ionized gas as both an energy source and a propellant
to melt the feedstock and project it onto the substrate material. The gas is ionized in a
plasma torch by an electric arc discharge, which elevates the internal pressure by
expanding the gas, creating a jet of ionized gas that propels the molten material.
Plasma spray systems can achieve temperatures ranging from 6,000 to 16,000 °C,
making them suitable for melting various feedstock materials, typically powders or
suspensions, a variant known as suspension plasma spray (SPS) [74].

For high-speed thermal spray techniques, High Velocity Oxygen Fuel (HVOF) is a
widely recognized low-temperature method. In this process, fuel and oxygen gases
are mixed in a combustion chamber, igniting and generating combustion. Powder
feedstock is introduced to the combustion chamber via inert gas, where it expands
with the combusted gases and builds pressure. As the gases exit through a nozzle,
they accelerate, propelling the molten material toward the substrate at high velocities.
HVOF is particularly well-suited for materials sensitive to elevated temperatures, such
as carbides (e.g., WC-Co), which risk decarburization at temperatures above 3,000
°C. In some cases, to maintain a lower processing temperature and thus preserve the

feedstock material, dry air is used instead of oxygen in a modified process known as
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High Velocity Air Fuel (HVAF). This adjustment reduces the thermal energy applied to
the material while still achieving high deposition speeds, making HVAF suitable for

feedstock requiring extra thermal control [69,75].
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Chapter Il — Experimental work

Graphene oxide coating on powders

The graphene oxide (GO) coating process applied in this study is based on a
developed molecular-level mixing approach. The procedure includes three steps:
powder surface functionalization, GO incorporation, and drying. The initial surface
functionalization involves applying a coupling agent (3-aminopropyl)triethoxysilane
(APTES) onto the powder surface using toluene (Supelco, low water content) as a
solvent. The concentration of APTES and the duration of mixing are key factors that
determine the characteristics of the final coating. Following functionalization, the
powder is washed with toluene to remove unreacted APTES, followed by water to

eliminate residual toluene.

The GO incorporation step begins with dispersing GO paste in water to a concentration
of 0.2 g/L. The GO, provided by LayerOne, was in an aqueous paste with a
concentration of 10 wt%. The pH of the solution was adjusted to 7 by gradually adding
ammonium hydroxide 1M solution (0.5-1 mL). The functionalized powder was
vigorously stirred in water during the addition of the GO solution, and the mixture was
left to stir for 5 minutes to ensure homogeneous coating. The powder was then rinsed

with water and dried in a furnace at 40°C for 12 hours in air.

APTES was selected for this process due to its well-known role as a coupling agent
between metal surfaces and GO. The structure of APTES includes a central silicon
atom bonded to three ethoxy groups and one amine group, which facilitate chemical
bonding with various species. Bond formation can occur through the amine group
reacting with nucleophilic agents like hydroxyl or carboxyl groups, or through the
hydrolysis of ethoxy groups to form silanol. Silanol groups can further bond through
condensation with other nucleophilic agents [62]. While the precise mechanisms of
bonding in the composite cannot be conclusively determined, it is known that metal
oxide and hydroxide surfaces react with hydrolyzed silanol groups, and the amine
group tends to react with the epoxy groups of GO [49,76]. Additionally, APTES can
undergo self-condensation, forming Si-O-Si bonds either on the surface or in layers,

potentially increasing the thickness of the APTES coating [77]. Figure 7 shows a
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schematic of possible configurations of the APTES bonding between metal surface
and GO.
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Figure 7: APTES mechanism of covalently binding metal surface to GO.

The solvent and water content are also critical factors in the reactivity of APTES. Water
is required for the hydrolysis of ethoxy groups of APTES and for the formation of bonds
with hydroxyl groups on the metal surface. However, an excess of water can lead to
premature condensation of APTES, causing agglomeration. Toluene, with an ideal
water content (around 0.15 mL per 100 mL), is an excellent solvent in this regard, as
it maintains or extracts sufficient water on the substrate surface to facilitate the reaction
[78,79]. In the case of metal powders, small quantities of water may already be present

on the powder surface due to adsorption during handling or storage [80,81].

Thermal spray process

Two thermal spray technologies were used in this study, plasma spraying (Paper A)
and high velocity air fuel HVAF (Paper C). Water-based alumina (Al203) suspension
was obtained by Treibacher Industrie AG and water-based GNP suspension provided
by 2D Fab AB were mixed in a proportion of 5 wt% of GNP over Alumina. Then,
suspension plasma spraying was performed using an Axial Ill plasma torch and
Nanofeed 350 suspension feeding system from Northwest Mettech Corporation

(Mettech, Vancouver, Canada). Schematic is shown in fig. 8.
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Figure 8: Schematic of the Suspension plasma spray used in this study. Adapted from [82]

For paper C, the spray gun used was M3, UniqueCoat Technologies LLC, Qilville, VA,

USA. The parameters for the spraying experiment can be found in table 2:

Table 2: HVAF experiment parameters

Nozzle 5L4
Chamber M3/3
Injector #3
Air pressure PSI 113
Fuel 1 pressure PSI 105
Fuel 2 pressure PSI 115
Carrier gas I/min 60
Feeder (V1, V4, G4) G4
Feed g/min 200
SoD standoff mm 300
Surface speed m/min 115
Step mm/rev 5

Materials characterization

Materials characterization techniques were employed to analyze both the GO-coated
powders and the thermal-sprayed samples. Scanning Electron Microscopy (SEM) and
Raman spectroscopy were the primary methods used to identify the presence of GO
on the samples, as well as to qualitatively assess the coverage and thickness of the
GO coating. To evaluate the stability of the GO coating at elevated temperatures,
thermogravimetric analysis (TGA) was carried out. Experiments using various heating
rates were also performed to simulate conditions relevant to manufacturing processes,

such as thermal spraying. Additionally, X-ray Photoelectron Spectroscopy (XPS) was
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used to assess the surface chemistry of the metal powder and to investigate the

chemical bonding between the metal powder, APTES+GO.

For the GO-coated thermal sprayed samples, performance characterization was
conducted to determine the effect of GO incorporation on the properties of the
thermally sprayed coating. Dry-sliding wear tests were performed using a ball-on-disk
tribometer to assess the tribological properties and the reduction in the coefficient of
friction (CoF). The porosity of the thermal-sprayed coating was measured using optical
microscopy, and relative density was determined through the contrast threshold
method [61]. Vickers hardness testing was performed to evaluate the mechanical

properties of the coating after the addition of graphene.

Finally, Scanning Transmission X-ray Microscopy (STXM) was applied to the thermally
sprayed samples to analyze the microstructure and morphology of GNP within the
coating, both before and after wear tests. This provided insights into the behavior of

the GNP during the spraying process and their influence on the coating's performance.

Scanning Electron Microscopy

The scanning electron microscopy analysis was conducted using a Zeiss FEGSEM
LEO-1550 instrument. SEM imaging played a key role in this study, both for
characterizing the GO coating on powders and for verifying the presence of GO in the
thermally sprayed samples. For both cases, an InLens detector was utilized, operating
at a low acceleration voltage of 5 kV and a short working distance of less than 5 mm.
These conditions were chosen to maximize the detection of the thin GO layer on the
sample surface by enhancing contrast. The InLens detector, located along the electron
beam path inside the chamber, is optimized to capture secondary electrons generated
by the direct interaction between the primary electron beam and the sample. This
setup enables high-resolution imaging of surface details, which is crucial for detecting
the fine features of the GO coating. Figure 9 illustrates SEM images of the porous WC-

Co-Cr particle virgin and with GO coating.
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Figure 9: SEM of WC-Co-Cr, a) virgin, b) GO-coated

Raman spectroscopy

Raman spectroscopy is a widely used characterization technique for detecting carbon-
based materials, including graphene oxide. Carbon materials exhibit strong sensitivity
to visible light lasers, which excite molecules or phonons, leading to a shift in photon
energy—either up or down—known as Raman scattering. This phenomenon provides
insights into the vibrational modes of molecules within the sample. For carbon
materials, two prominent peaks are consistently observed in Raman spectra: the D
band at approximately 1350 cm™ and the G band at around 1580 cm™. The G band
originates from the stretching of C-C sp? bonds within the graphene plane, while the
D band is associated with the vibration of sp® bonds in carbon, often indicating
structural defects or, in the case of GO, the D peak can be attributed to the oxygen

functional groups on the surface of the material.

In this study, Raman spectroscopy was extensively used to confirm the presence of
GO and qualitatively assess the coverage of the GO coating on powder particles.
Additionally, Raman analysis was performed on thermally sprayed samples to
evaluate the integrity and survivability of the GO coating after the manufacturing
process. Data collection was predominantly achieved through map scanning, where
the laser scanned large sample areas, and filters were applied to generate contrast
maps that indicated regions of higher graphene concentration. Figure 10 shows a
raman map example along with the optical microscopy image of the respective region

of analysis.

21



Figure 10: Raman mapping of the thermal sprayed GO-coated WC-Co-Cr cross-sectional polished
sample. a) OM image b) Raman intensity map at 1580 cm' (G-band)

Thermogravimetry analysis

Thermogravimetric analysis was employed to investigate the thermal stability of GO
coating at elevated temperatures. This analysis is particularly relevant because the
manufacturing processes that utilize metal powders, such as thermal spraying, often
involve high temperatures to consolidate the powders into final components. Given the
importance of the GO coating’s integrity during these processes, good thermal stability
is a critical factor. Additionally, thermal spraying technologies are characterized by
rapid heating rates, making it essential to evaluate how varying heating rates affect
the stability of the GO coating.

To investigate these aspects, TGA experiments were conducted using a Mettler
TGA/DSC 3+ instrument in an air atmosphere from room temperature to 900° C, using
different heating rates. This setup allowed for the measurement of the GO coating's
thermal stability and its effect in the oxidation of the powder under conditions
mimicking those experienced during high-temperature manufacturing processes.

X-ray Photoelectron Spectroscopy

The graphene oxide coating process developed in this study involves a surface
chemistry reaction, and X-ray photoelectron spectroscopy was utilized to investigate
the details of this method. XPS is a powerful technique that measures the energy of
electrons emitted by the photoelectric effect when a focused X-ray beam strikes the
sample surface. By analyzing the energy of these emitted electrons, which originate
from a depth of no more than 10 nm, XPS provides detailed information about the

elemental composition and chemical states of the surface compounds.
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In this study, XPS was used first to elucidate the bonding interactions between copper
powder, APTES, and GO in the coating process. The analysis allowed for the
identification of the chemical bonds formed during the coating reaction, providing
insight into the effectiveness of the APTES-GO coupling on the copper surface.
Second, XPS was used to determine the chemical composition of the surface of virgin
and GO-coated WC-Co-Cr thermal spraying coatings. In this case, XPS data helped
to evaluate the stablity of the GO coating under drastic wear conditions and provided
insights on the evolution of degradation and oxidation of the surface of the coatings.
The PHI 5000 VersaProbe Il Scanning XPS Microprobe was employed for both
analysis, using a monochromatic Al Ka X-ray beam with an emission energy of 1486.6
eV and a focused beam diameter of 0.1 mm to perform high-resolution surface

characterization.

Thermal sprayed coating characterization

To evaluate the impact of graphene oxide on thermal spray coatings, optical
microscopy (OM) imaging and microhardness testing were employed. Both methods
were conducted on as-spayed cross-sectioned, polished samples prepared from GO-
coated and uncoated (virgin) powders processed via thermal spraying. Optical
microscopy provided data on the relative density of the coatings through image
analysis, which enabled the identification and quantification of pore areas based on
contrast differences. The images were captured using a Zeiss AxioVision 7

microscope, equipped with a Zeiss digital camera 35 and AxioVision software.

Microhardness testing was performed to assess the mechanical properties of the
coatings, particularly with regard to the influence of GO addition. Hardness is a critical
factor for wear-resistant applications, and the aim of adding GO, functioning as a solid
lubricant, was to maintain the high hardness of the WC-Co-Cr sprayed coating without
compromising its mechanical integrity. Hardness measurements were carried out
using a Struers Durascan 70G5 (Ballerup, Denmark) under a 500 g load. For each
sample, ten indentations were made, and the average hardness values were reported

to ensure reliable results.
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Dry sliding wear testing

Wear refers to the progressive degradation of material surfaces due to mechanical or
chemical interactions with other materials or surfaces. This degradation leads to the
detachment of material from the surface in the form of particles, known as wear debris.
As wear debris accumulates, it can further contribute to surface erosion, accelerating
the wear process and potentially leading to system failure. The wear rate is influenced
by several factors, including material properties (such as hardness and roughness),
the nature of contact (e.g., stationery or moving), movement type (e.g., sliding or
rotating), and the presence or absence of lubricants. These variables determine the
wear mechanism and ultimately the lifespan of the component. [83].

The ball-on-disk test (BoD) is a standard tribological method for assessing material
wear resistance. In this test, a pin typically with an interchangeable sphere that can be
replaced with different materials to suit the hardness of the sample under analysis, is
pressed against a disk-shaped sample at a controlled compressive force, either
constant or variable. This arrangement allows for consistent contact between the pin’s
surface and the sample. The pin and disk pair are then subjected to relative motion,
either as linear back-and-forth movement or as rotation within a set diameter. Both the
compressive force applied to the pin and the resistive force generated by the sample’s
friction are recorded throughout the test, enabling the calculation of the coefficient of
friction for the material in analysis [84]. A schematic of a ball-on-disc wear test is
depicted in fig. 11:
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Figure 11: Ball-on-disk wear test schematic. Adapted with permission from [85]

The evaluation of the impact of GO coatings on wear resistance and the CoF of
thermal-sprayed samples was performed using a ball-on-disk test and specific wear
rate (SWR) measurements. Testing was carried out on a TRB3 ball-on-disk tribometer
from Anton Paar. Both virgin WC-Co-Cr and GO-coated samples were tested in as-
sprayed, ground, and polished conditions, resulting in a total of four sample variations.

Testing parameters for all samples are summarized in table 3.

Table 3: Parameters used for BOD tests.

Normal Load (N) Sliding Linear speed (m/s) Radius Ball
Distance (m) (mm)
20 5000 0,2 9 Alumina

Scanning Transmission X-ray Microscopy

Scanning Transmission X-ray Microscopy (STXM) is a sophisticated technique that
integrates both microscopy and spectroscopy, typically conducted at synchrotron
beamlines. It allows for imaging of very thin samples by scanning them with a focused
X-ray beam. The beam’s energy is adjusted within a specific range, where the sample
selectively absorbs X-rays according to the chemical state or crystalline structure of

its components. These specific energy ranges, known as "edges," correspond to the
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absorption characteristics of certain chemical elements. Different chemical states or
structural organizations of an element absorb X-rays at slightly different energy levels,
allowing the technique to differentiate between them. This process is known as X-ray
Absorption Near Edge Structure (XANES), or Near Edge X-ray Absorption Fine
Structure (NEXAFS). These techniques produces a series of images, called "stacks,"
which enable the identification of different chemical phases or states in distinct regions

of the sample.

In this study, both STXM and XANES experiments were carried out at the SoftiMAX
beamline at MAX IV and at the SpectroMicroscopy beamline (10ID1) at the Canadian
Light Source (CLS). Sample preparation involved creating electron-transparent
lamellae using Focused lon Beam (FIB) milling. For the Al Ka edge, a FEI Versa 3D
with a Ga+ ion source was used, while for the C Ka edge, a Thermo Scientific Helios
5 PFIB UXe DualBeam Plasma FIB equipped with a Xe+ ion source was employed.
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Chapter |V — Results and summary of appended
papers

In this chapter, the research questions proposed in chapter | are addressed by a
summary of results from the appended papers. Research question Q1 was explored
in paper A, Q2 was examined in detail in paper B, and research question Q3 was

addressed in paper C.

Paper A: Synchrotron X-ray Spectro microscopy analysis of wear tested graphene-

containing alumina coatings

The addition of GNP into alumina coatings during thermal spraying was already
investigated in a previous study [86], demonstrating improvements in the coefficient of
friction. However, GNPs were not detected in the wear track after the dry sliding test.
Hence, to address the condition of the GNPs before and after wear tests, scanning
transmission X-ray microscopy and X-ray Absorption Near Edge Structure were used
to analyze the structural configuration and perform chemical analysis of the GNPs

within the as-sprayed matrix and the wear track.

The as-sprayed sample was examined to establish a reference for the structural
displacement and chemical composition for both alumina matrix and GNP particles.
The Al K-edge analysis revealed 3 different alumina structures phases: a-alumina, y-
alumina, and amorphous alumina (Fig. 12 a). Alpha-alumina appeared as round
grains, well distributed throughout the sample (highlighted in red). Gamma and
amorphous alumina phase (green and blue, respectively) were irregularly shaped,

acting as a filling structure between the alpha-alumina grains.
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Figure 12: STXM of Al K-edge. a) Phase composition map of the as-sprayed sample. b) Phase
composition map of the wear track sample

After the wear test, the structure of the alumina matrix was modified, and mostly
amorphous alumina was present (Fig. 12 b). This indicated that the ball-on-disk test
was rather harsh and that the applied pressure caused the amorphization of part of

the alumina structures below the wear track.

Figure 13 shows the configuration of GNP in the alumina matrix in the as-sprayed
sample. After the thermal spray process, the GNP preserved as clusters in between
the alumina matrix. By a rotation of the sample inside the STXM chamber, the

orientation of the GNPs were detected to be mostly parallel to the sample’s surface.

alumina

Figure 13: STXM of C K-edge of the as-sprayed sample. a) STXM image of the region of interest,
GNP has a bright contrast. b) Phase composition map at horizontal position. c) Phase composition
map at vertical position.

In the wear track sample, the GNP signal was detected in concentrated areas near the
surface, adjacent to the tungsten protective layer (Fig. 14 b). This result confirms the
hypothesis of GNPs acting as a solid lubricant in wear resistant applications, However,
a sharp and intense peak at the carbon absorption range was also identified in the

alumina matrix (Fig. 14 c). This peak can be related to amorphous configurations of
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carbon, such as amorphous carbonate. Therefore, this phenomenon indicates that
along with the alumina matrix, part of the GNP went through amorphization, and it was

dissolved in the amorphous alumina phase.
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Figure 14: STXM at C K-edge of the wear track sample. a) SEM image of the area of interest. b)
Phase composition map. c) XANES data from the area of interest.

STEM-EDS analysis was performed on the wear track sample, targeting amorphous
alumina regions and a-alumina grains, as shown in Fig. 15. It could be shown that the
amorphous alumina regions had a 4 times higher carbon concentration compared to
the a-alumina grains. These findings validate the structural and functionality retention
of GNP after both thermal spray and wear testing. However, the ball-on-disk test may
imposed significant mechanical stresses on the sample, causing amorphization on

both alumina matrix and GNPs.
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Figure 15: STEM-EDS image with points of analysis. 1) Amorphous region. 2) a-alumina grains.

Paper B: Controllable Coating Graphene Oxide and Silanes on Cu Particles as Dual

Protection for Anticorrosion

The incorporation of graphene and its derivatives into thermal spray coatings showed
a promising strategy for improving the wear resistance of coatings. However, the
mixing of GNPs and alumina powder did not provide a uniform distribution. Therefore,
molecular-level mixing was used to chemically bond graphene oxide to metal powder
surfaces using a coupling agent, APTES. This approach aimed to improve GO
distribution, strengthen the interface of the GO with the matrix, and enable precise
control of the GO coating characteristics. In this study, spherical pure copper was

selected as the base metal powder.

To evaluate the efficiency of the developed process, two experimental parameters
were investigated: the concentration of APTES during the surface functionalization
step and the GO solution concentration during the incorporation phase. The results
demonstrated that APTES concentration played a critical role in determining the extent
of GO coverage on the metal powder surface. At low APTES concentrations (e.g., 0.05
vol%), the functionalization layer was incomplete leading to partial GO coverage
during the incorporation step. On the other extreme, high APTES concentrations
produced a thick functionalization layer, resulting in full coverage and thick coating GO
on the powder surface. SEM analysis on the different samples (Fig. 16) revealed this

progression, with white wrinkles indicating GO presence.
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Figure 16: Molecular-level mixing coating process evolution. a) Pure Cu as received. b) APTES
surface functionalized Cu. GO-coated Cu with APTES concentration of ¢) 0.05% d) 0.2% e) 0.8% and
f) 1.5%
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Figure 17: OM images (first row), Raman maps (second row), Raman spectra (third row) of
compressed GO-coated Cu powders applying different GO solution concentrations. a) 0.02 wt% b)
0.04 wt% c) 0.0625 wt% d) 0.167 wt% e) 0.25 wt%
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Similarly, the GO concentration during the incorporation phase significantly influenced
the coating thickness and uniformity. At low concentrations, all the water dispersed GO
particles were absorbed by the functionalized surface of the powder. However, they
were not enough to cover all the available reaction sites, leaving part of the surface
only coated with APTES. Increasing GO concentration, full coverage is achieved
resulting in the formation of wrinkles across the entire surface. At even higher GO
concentrations, the presence of more wrinkles indicates the formation of stacked
multilayer GO. A saturation point was observed at 0.25 wt%, as unabsorbed GO was
observed in the water solution after the incorporation step. Raman spectroscopy (Fig.
17) confirmed the increased GO thickness, evidenced by higher D and G band
intensities at elevated concentrations. Raman mapping further verified the uniformity
and extent of GO coverage. Hence, the molecular-level mixing proved to be able to
produce GO coated powders with controllable characteristics such as full or partial
coverage, thick or thin coating.

Paper C: Development of GO-Coated WC-Co-Cr Porous Powder for Improved Wear

Resistance HVAF Coatings

The developed GO coating process was successfully applied to WC-Co-Cr porous
powder, demonstrating the versatility of the method. The porous nature of the powder
imposed an additional challenge, as the process had to apply the GO coating not only
on the external surface but also the internal surfaces of open pores. This coated
powder was afterwards used in a thermal spray process to create wear-resistant
coatings. Ball-on-disc testing was performed to evaluate the performance of the
graphene-containing coating compared to the initial WC-Co-Cr coating. X-ray
photoelectron spectroscopy (XPS) was employed after the wear tests to confirm the

presence and the state of GO.
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Figure 18: WC-Co-Cr porous powder. a) Virgin powder. b) GO coated powder.

Using the molecular-level mixing process, a partial GO coating was applied on both
external and internal surfaces of the WC-Co-Cr powder. The partial coating was of
interest in this experiment, since fully covered particles could hinder the densification
of the sprayed coating by reducing direct contact between WC-Co-Cr particles. Figure
18 shows SEM images of the virgin WC-Co-Cr powder, and the GO coated WC-Co-
Cr powder. Raman spectroscopy mapping on cross-sectioned powder particles (Fig.
19) confirmed the presence of GO within the internal pores, identifying the presence
of intense peaks (bright regions highlighted in Fig. 19 b) in these regions.

Figure 19: Cross-sectioned powder particle of GO-WC-Co-Cr powder. a) OM image, area of analysis
and pores highlighted in green. b) Raman mapping with pores highlighted in green.

Both WC-Co-Cr and GO-WC-Co-Cr powders were submitted to a thermal spraying
process to fabricate wear resistant coatings, which were tested under ball-on-disc
tribometer conditions. The test was first conducted on the as-sprayed coatings to
evaluate and compare the performance of the coatings. The GO-WC-Co-Cr coating

exhibited superior performance, reducing the CoF of the sample throughout the test,
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as shown in Fig. 20. This result validates the effectiveness of the developed process

in producing powder feedstock for thermal sprayed wear resistant coatings.
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Figure 20: Dry sliding wear testing of the samples.

To further investigate the retention of GO in the thermal sprayed coatings after wear
testing, XPS was used to study the surface chemical composition within the wear
track. Samples with different surface conditions were analyzed to determine the
evolution of the degradation of the surface. Different surface conditions were looked
upon and table 4 presents the chemical compositions, which consistently identified the
-1 bond peak, characteristic of carbon nanomaterials, across all samples [87]. In
addition, the chemical composition of the GO coating changed, showing a progressive
increase in oxidized chemical states (Table. 4.b) as surface degradation applied to the
samples intensifies. These findings confirm the presence of GO in the thermal sprayed
coatings after different wear conditions and surface treatments. Table 4.c summarizes
the chemical compositions of the reduced and oxidized states analyzed in the

samples.
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Table 4: XPS overall carbon chemical composition on the surface of the GO coated samples.

A Reduced states
Chemical states WC M-C sp2-C sp3-C T-Tt*
Binding energy (eV) 282.7 283.6 284.5 285.2 >291.0
GO-WC (Powder) 4.25% 21.00% 12.00%  <0.5%
GO-WC (As-sprayed) 3.50% 5.00% 21.50% 2.00% <0.1%
GO-WC (Polished) 9.00% 3.50% 19.50% 8.00% 0.50%
GO-WC (50 um grounded) 2.00% 2.00% 14.50%  <1.0%

B Oxidized states
Chemical states sp2-C-0 sp3-C-0 C=0 COO- CO32-
Binding energy (eV) 285.5-286.5 '86.5-287. 287.5-288.5'89.0-290. 290.5
GO-WC (Powder) 8.50% 4.25% 2.00%
GO-WC (As-sprayed) 1.00% 1.50% 1.00%
GO-WC (Polished) 5.00% 3.00% 2.50% 1.00% <0.5%
GO-WC (50 um grounded) 7.50% 11.50% 8.50% 5.00% 2.00%

C Summary of chemical states

Samples

Reduced states

Oxidized states

GO-WC (Powder)
GO-WC (As-sprayed)
GO-WC (Polished)
GO-WC (50 pm grounded)

37.25%
32.00%
40.50%
18.50%

14.75%
3.50%

11.50%
34.50%
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Chapter V — Conclusions

In this chapter, the research questions proposed in chapter | are answered by a short

conclusion of the work presented on the appended papers.

Q1: To what extent can graphene maintain its structural and functional integrity after

wear testing to function as a solid lubricant in wear resistant thermal spray coatings?

The incorporation of graphene nanoplatelets into alumina thermal spray
coatings successfully enhanced wear resistance, as evidenced by reduced CoF
and specific wear rates. A degradation of the properties was seen with time
during ball-on-disk testing.

STXM and XANES analysis performed in synchrotron beamlines confirmed the
retention of the GNP in the post wear sample. Ball-on disk wear testing affected
the graphene-containing alumina coating. Below the wear track the material
became amorphous and the GNPs were partly destroyed, seen with the high
carbon content in the amorphous phase.

GNPs were still found at the surface of the sample and were oriented parallel
to the sliding direction. This confirms the ability of GNPs to act as a solid

lubricant in wear resistant conditions.

Q2: How effective is a molecular-level mixing process in achieving controllable

graphene coatings on metal powder composites?

A molecular-level mixing process was successfully developed to coat graphene
oxide onto pure copper powders, using APTES as a coupling agent.

Two different parameters were varied to identify the ability of the process to
tailor the characteristics of the GO coating. The APTES concentration during
the surface functionalization step, and the GO solution concentration during the
incorporation phase.

The APTES concentration has been found to be a crucial factor in determining
the coverage of the coating. At lower concentrations, partial coverage of the
coating is produced, leaving part of the powder surface exposed. Between 0.2
and 0.8 vol% a thin and fully coated powder is produced. At higher

concentrations, graphene accumulation begins to occur.
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GO solution concentration also played a role in both coverage and thickness of
the coating. Lower concentrations lead to partial coverage, while higher
concentrations achieve saturation. The controllability of the coating thickness

were found in GO solution concentrations from 0.04 wt% to 0.167 wt%

Q3: Can the GO coated powder synthesized by the molecular-level mixing process

be used to produce graphene containing wear resistance coatings via thermal

spraying?

The GO-coated WC-Co-Cr powder synthesized through the molecular-level
mixing process was successfully processed into coatings via thermal spraying.
The process demonstrated versatility by effectively coating porous powders,
with GO detected on both external and internal surfaces of the pores.

Wear testing using a ball-on-disc tribometer showed improved performance for
the GO-coated coatings, with consistently reduced CoF throughout the test
duration.

XPS analysis confirmed the presence of GO in wear tracks across various
conditions, including as-sprayed and ground samples, confirming the reliability
of the developed process on GO retention under drastic wear conditions.
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Chapter VI — Future work

This thesis presented a comprehensive investigation of graphene-based materials
incorporated into thermal spray coatings. Besides the progress made, some
knowledge gaps were identified, offering opportunities for future research. These gaps

are outlined below to encourage further advancements in the field.

e The orientation of GNPs after the wear testing would be of interest to better
understand the lubrication mechanisms.

e To enhance the friction-reducing capabilities of GO-containing WC-Co-Cr
thermal spraying coatings, the GO content in the pores needs to be increased.

e To gain a deeper understanding of the mechanisms responsible for the change
in GO’s behavior in long-duration ball-on-disk experiments, further

investigations are required.
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